Circovirus infection is a growing problem in the field of veterinary and public health. It is associated with enteric diseases in both mammalian and avian hosts. In this study, we detected and isolated porcine circovirus strains in the tissue samples of minks that died from diarrhoea in Shandong Province, China. We sequenced the whole genome of two porcine strains of Circovirus, designated as MiSD-1 and MiSD-2, which had a 97.34% similarity on nucleotide sequence and were closely related to porcine circovirus type 2 (PCV2), but distantly related to mink circoviral species. Phylogenetically MiSD-1 and MiSD-2 are a part of the PCV2b genotype cluster, which is a highly prevalent genotype worldwide. The closer relationship of MiSD-1 and MiSD-2 to PCV2 from pigs than to other mink circoviral species may be evidence of crossspecies transmission and considerable zoonotic potential.
The Chinese fur animal breeding industry has developed rapidly, reaching a considerable scale. With the gradual expansion of the scale of farming, feeding resources have become increasingly scarce, and livestock products (such as pork offal, poultry offal and carcasses) have gradually replaced fish and other seafood as mink feed. This increasing food diversity may expose minks to pathogens that traditionally infect other animals. Diarrhoea is a recurrent problem in mink farms (Englund et al., 2002) . It is caused by different types of viruses, bacteria and parasites (Gary et al., 2014; Vulfson et al., 2001; Wang et al., 2008) . The most common viruses for mink diarrhoea are calicivirus, astrovirus, mink enteritis virus and coronavirus (Englund et al., 2002; Guo et al., 2001; Have et al., 1992; Wang et al., 2013) . In recent years, an additional viral pathogen causing diarrhoea in mink is the mink circovirus (Lian et al., 2014) . The family Circoviridae comprises two genera, Gyrovirus and Circovirus, which have been associated with diseases in birds and mammals. Viruses in the family Circoviridae are non-enveloped, icosahedral viruses with diameters of 16-26 nm and a small, circular, ssDNA genome (the smallest known autonomously replicating viral genome) (Biagini et al., 2011) . Porcine circovirus type 2 (PCV2) has also been discovered in a growing number of hosts, including humans, mammals, birds, fish and invertebrates (Lorincz et al., 2011) . The PCV2 genotype was defined using the criteria proposed by the European Union (EU) consortium on porcine circovirus diseases (PCVD) (www.pcvd.en), and only three genotypes (PCV2a, PCV2b and PCV2c) were accepted for PCV2 Segales et al., 2008) . However, in China, other emerging PCV2 genotypes have been reported (Guo et al., 2011; Wang et al., 2009 ). Among the PCV2 genotypes, PCV2d was accepted for PCV2 recently (Franzo et al., 2015) . In this study we investigated the causative agent of mink diarrhoea and identified two genotypes of porcine circovirus in the tissue and faeces samples from mink carcasses. The genomes of the circoviruses identified by PCR were sequenced and characterized, and two porcine circovirus strains were detected from the isolated circoviruses.
Six minks that died from diarrhoea were submitted to our laboratory from three farms in Shandong Province, China in August 2014. Samples of the brain, liver, spleen, lung, kidney, heart, small intestine, small intestine lymph nodes and faeces were aseptically obtained from the minks.
Bacterial detection was carried out at first, including microscopic examination of brain and liver tissue smears and bacterial isolation from brain and liver. Brain and liver tissue smears were fixed, and subjected to Gram staining, and observed with a light microscope. Microscopic analysis did not show any bacteria in three repeated experiments. For cultivation of bacteria, brain and liver samples were scratched with a bacterial inoculation loop and inoculated onto both tryptic soy agar (TSA) plates and blood agar plates. Each sample was inoculated into two plates, and the two plates from each sample were cultivated in aerobic and anaerobic conditions, respectively, at 37 C for 48 h. No bacterium was obtained from the brain and liver tissues, suggesting that the minks were not infected with bacterial pathogens, which excluded common bacterial infection including Escherichia coli, Pasteurella, Proteus species, Klebsiella, Listeria, Streptococcus, Clostridium.
Based on the clinical symptoms and the results of bacterial detection and medication treatment, we speculated that the minks most likely died of common viral diseases, such as mink enteritis virus, canine distemper virus, Coronavirus, Rotavirus or Astrovirus. We extracted nucleic acids (DNA and RNA) from the tissues of each organ and faeces with the QIAsymphony Virus/Bacteria Mini Kit (192) (Qiagen, GmbH) and performed real-time PCR with primers specific to the aforementioned viruses and they were all negative. We then suspected that the minks might have received poultry or porcine pathogens from food sources, so we analysed the samples for poultry and porcine viral pathogens, including avian influenza virus, Newcastle disease virus, pseudorabies and PCV2 using primers specific to these viruses. Interestingly, we found that the mink samples were positively infected with PCV2. Of the detected samples, two samples collected from two mink farms were PCR positive for PCV2 ( Fig. 1a ).
In order to study the gene characteristics of PCV2 from these minks, we carried out virus isolation and viral genome sequencing in August 2014. The frozen tissue samples of brain, liver, spleen, small intestines and small intestine lymph nodes and faeces from the minks were homogenized, centrifuged at 13 684 g for 10 min at 4 C, filtered through disposable filters with an average pore diameter of 0.22 µm and transferred to a PCV-free PK-15 cell monolayer. The cells were incubated at 37 C for 72 h, and then the cultures were harvested and repeatedly frozen and thawed three times (Kapoor et al., 2012) . The third passage of the cell cultures was tested with immunofluorescence assay (IFA) using antibody against PCV2 capsid protein. IFA results showed bright green fluorescence in cells inoculated with samples from both minks, but fluorescence was barely observed in mock-infected cells. An example of IFA results is given in Fig. 1(b) . These results suggest that the cells were infected with PCV2 viruses.
To determine the genomic sequences of the isolated viruses from minks, we performed PCR using PCV2-genome-specific primers with forward primer (GAACCGCGGGCTGGC TGAACTTTTGAAAGT) and reverse primer (GCACCGCG-GAAATTTCTGACAAACGTTACA) as previously described (Tamura et al., 2011) . The primer pair amplified the complete genome of PCV2 with an overlapping region containing the unique Sac II restriction enzyme site. The PCR reaction was performed using EX Taq DNA polymerase (TaKaRa). The amplification involved a 5 min denaturation step at 95 C followed by 35 cycles of denaturation at 95 C for 30 s, primer annealing at 55 C for 45 s and primer extension at 72 C for 1 min, followed by a final extension step of 10 min at 72 C. The PCR products were separated using electrophoresis and visualized under UV light. The DNA band with expected size (1767 bp) was excised from the gel and purified using a DNA Gel Extraction Kit (Axygen) following the manufacturer's instructions. The purified PCR product was ligated into the AdvanTAge plasmid vector (Clontech), and the plasmids were transformed into E. coli DH5a. Recombinant plasmids containing the viral genome were sequenced. To ensure the accuracy of the sequence, the sequences of five independent clones of each cloned genome were determined. The sequences of the five clones was identical.
The DNA sequences of the positive PCR products of the genome were analysed using the BLAST program (National Center for Biotechnology Information). The newly identified virus strains were designated as MiSD-1 and MiSD-2, and their sequences were deposited in GenBank (GenBank accession numbers : KP282147 and KP282146). The sequences were aligned using the Clustal W program implemented in the MEGA5 software (Tamura et al., 2011) . The phylogenetic trees that reflected evolutionary distances were constructed using the neighbour-joining method using a Kimura two-parameter model for nucleotides reconstructed using the same software (Figs 2a, b) . The complete genome sequences of circovirus reference strains were obtained from the GenBank database. The clustering stability of the neighbour-joining tree was evaluated by bootstrap analysis with 1000 replicates.
The newly identified virus DNA sequences from two minks were 97.34 % homologous, and they were both highly homologous to PCV2 with a sequence similarity ranging from 84.25 % to 99.77 % (Table 1 ). These results indicated that the two strains of circovirus in the minks were PCV2.
Phylogenetic analysis indicated that the two new viral strains could be clustered with the porcine and other mammalian circoviruses (Fig. 2a ). Although the group was also monophyletic with the mink circovirus previously reported (Woods & Latimer, 2000) , MiSD-1 and MiSD-2 seemed to be the closest relatives of PCV2. If the phylogeny reconstruction was based exclusively on PCV2 sequences, then MiSD-1 appeared in the PCV2b-1B group, whereas MiSD-2 seemed to be in the PCV2b-1C group (Fig. 2b) . The pairwise comparison values (Table 1) further supported the topology of the phylogenetic trees.
After the discovery of PCV2 in minks, we performed a retrospective epidemiological study in the mink farms. We collected tissue samples from 233 minks and tested each sample by PCR. The prevalence of minks infected with PCV2 was 5.58 % (13/233), suggesting a wide spread of porcine circovirus in the mink population on the farms.
In this study, PCV2 was detected from the tissue samples of two dead minks with diarrhoea from different farms in Shandong Province. Although the circoviruses appear to differ among different host species, the viruses have been linked to diarrhoea in most species. The mink circovirus has been detected in the liver, digestive tract and faecal samples of minks (Lien et al., 2014) . Traditionally, the transmission and infection of circovirus have exhibited an extreme species tropism. However, recent data has indicated that cross-species transmission has occurred. For example, DNA samples containing PCV2 were detected in the bone marrow, blood and brain specimens of humans, mice, cows and calves (Halami et al., 2014; Kappe et al., 2010; Li et al., 2011; Lorincz et al., 2010) . PCV2 infection is associated with porcine circovirus-infection-related diseases. These diseases manifest with a variety of symptoms, such as a systemic disease, respiratory disease complex, enteric disease, porcine dermatitis, nephropathy syndrome and reproductive issues. Porcine circoviral infection causes a great loss in the pork industry Opriessnig et al., 2007; Ramamoorthy & Meng, 2009 ). Faecal-oral transmission has been confirmed to be the main transmission route for circovirus-caused gastroenteritis, while a contact transmission had an auxiliary form of circovirus transmission. Overall, water pollution and food contamination cause an occasional outbreak of circovirus in populations. To our knowledge, this is the first time PCV2 has been detected, isolated and characterized in minks with diarrhoea. The precise source of porcine circovirus that infected these minks has not been determined, but we speculate that the minks could be infected through feeding on porcine or chicken meat, bone and organs. Our study indicated that the minks are susceptible to porcine circovirus and that the mink industry in China needs to prevent contamination of mink feed with porcine circovirus-infected chicken and porcine products.
